Effect of selected drugs used in asthma treatment on morphology and elastic properties of red blood cells by Zuk, Anna et al.
© 2011 Zuk et al, publisher and licensee Dove Medical Press Ltd. This is an Open Access article  
which permits unrestricted noncommercial use, provided the original work is properly cited.
International Journal of Nanomedicine 2011:6 249–257
International Journal of Nanomedicine Dovepress
submit your manuscript | www.dovepress.com
Dovepress 
249
OrIgINAL reseArch
open access to scientific and medical research
Open Access Full Text Article
DOI: 10.2147/IJN.S15802
effect of selected drugs used in asthma treatment  
on morphology and elastic properties of red  
blood cells
Anna Zuk
Marta Targosz-Korecka
Marek szymonski
research centre for Nanometer-scale  
science and Advanced Materials, 
Faculty of Physics, Astronomy, 
and Applied computer science, 
Jagiellonian University, reymonta 4, 
30-059 Krakow, Poland
correspondence: Anna Zuk 
research centre for Nanometer-scale  
science and Advanced Materials,  
Faculty of Physics, Astronomy,  
and Applied computer science, 
Jagiellonian University, reymonta 4,  
30-059 Krakow, Poland 
Tel +48 12 633 5560 
Fax +48 12 633 5560 
email aniaradzia@gmail.com
Background: The main function of red blood cells is to transport oxygen to all parts of the 
body with the help of hemoglobin. Other proteins of the cell membrane can attach xenobiotics 
(eg, drugs) from the blood and transport them throughout the body. Only drugs able to bind to the 
membrane of the red blood cell can modify its structure and elastic properties. The   morphology 
and local elastic properties of living red blood cells incubated with drug solutions commonly 
used in the treatment of severe asthma were studied by atomic force microscopy and nanoin-
dentation with an atomic force microscopy tip.
Methods: The elasticity modules of native red blood cells, as well as those incubated with two 
types of drugs, ie, aminophylline and methylprednisolone, were determined from experimentally 
measured nanoindentation curves.
Results: The elasticity modules of erythrocytes incubated with aminophylline were substantially 
higher than those obtained for nonincubated native, ie, healthy, red blood cells.
Conclusion: The increase of the elasticity module obtained for aminophylline can reduce the 
cell’s ability to bind oxygen and transport it through capillaries.
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Introduction
In recent years, use of atomic force microscopy (AFM) in the physiological 
  environment has enabled investigation of the properties of living cells.1,2 The force 
spectroscopy mode of AFM allows for measurements of tip-sample interaction 
force as a function of their separation at the nanometer scale, and offers yet another 
category of   information, characterizing the micromechanical properties of cellular 
systems and helping us to understand the functional and physiological properties 
of cells. The numerous applications of the method include AFM measurement 
of stiffness   abnormalities in red blood cells caused by thalassemia (deficiency of 
glucose 6-phosphate dehydrogenase)3 and significant lowering of the stiffness in 
various cancerous cells.4 Furthermore, AFM is also used to monitor dynamic cellular 
processes, such as cell growth, exocytosis, endocytosis,5 and changes in the shape of 
red blood cells caused by hyperosmotic solution.
The main physiological function of red blood cells, the major component of blood, is 
related to the capability of the cell membrane to bind and transport oxygen to all parts of 
the body via hemoglobin. Other membrane proteins interact with so-called xenobiotics 
(eg, drugs) from the blood and facilitate their transportation within the circulation. Some 
drugs which bind with the cell membrane can modify the structure and elastic properties 
of red blood cells, and may eventually cause hemolysis of the erythrocyte.6International Journal of Nanomedicine 2011:6 submit your manuscript | www.dovepress.com
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In this work, nanoindentation with the AFM tip is used 
to characterize viscoelastic changes in erythrocytes due to 
incubation with drugs often used in the treatment of severe 
asthma, ie, aminophylline and methylprednisolone. The main 
goal of this study was to determine if intravascular injection 
of these drugs can affect the main physiological functions 
of red blood cells related to their mechanical properties, eg, 
their ability to bind and transport oxygen. It is shown that 
both drugs, ie, aminophylline and methylprednisolone, have 
a significant effect on the properties of the cell membrane, 
resulting in a noticeable change in red blood cell stiffness 
and morphology, which correlates with drug concentration 
and incubation time.
Materials and methods
sample preparation
Erythrocytes are collected from complete blood samples 
taken from healthy volunteers. The main buffer solution 
was comprised of phosphate buffer solution, 1% bovine 
serum albumin, and 0.5% glucose in volume proportions of 
20:4:1. All compounds were obtained from Sigma-Aldrich 
(St Louis, MO). Initially, fresh blood was diluted in the 
mixture of the main buffer solution and one of the inves-
tigational drugs. Typically, three different concentrations 
of drugs (1 mg/mL, 0.1 mg/mL, 0.01 mg/mL) were used. 
In the next step, the blood was mixed with this solution for 
two, six, and 12 hours in a hematological mixer at room 
temperature. After the assigned time period, one drop of 
the suspension was placed on a glass substrate treated with 
poly-L-lysine (Mäntzel Gläser, Germany) and was then incu-
bated for one hour at 37°C. Afterwards, one drop of 0.5% 
glutaraldehyde was added for 1.5 minutes to fix the red blood 
cell membrane to the substrate. Finally, the pretreated cells 
were washed with phosphate buffer solution to remove the 
unbound cells and the glutaraldehyde.
Nanoindentation with an AFM tip
Local elastic properties of the erythrocytes were determined 
from the nanoindentation curves, ie, loading force versus 
distance dependences taken under tip indent conditions. 
The force-distance measurements are performed using an 
Auto Probe CP-2 AFM (Park Scientific Instruments, South 
Korea) equipped with a silicon nitride tip mounted on a silicon 
nitride cantilever having a spring constant of about 0.01 N/m 
(Microlevers C, Veeco, Woodbury, NY). The indentations 
were performed with a constant loading rate over the entire 
indentation range offered by the Z scanner. All force values 
were calculated by using the nominal values of the spring 
constant, because verifying thermal tune analysis done with 
the PicoForce AFM (Veeco) instrument yielded values close 
to the nominal one with an accuracy of 15%. All measure-
ments were carried out in a phosphate buffer solution. Prior 
to each force-distance measurement on the red blood cells, a 
corresponding dependence was measured on a glass substrate 
in order to avoid artifacts associated with possible contami-
nation of the tip surface. Every indentation step performed 
was followed by selection of the new indentation site on the 
erythrocyte membrane using an optical microscope-based 
tip positioning procedure with respect to the cell center.3 
Approximately 1000 indentation curves were recorded for 
each sample. Because the elasticity of the cells could change 
with time, a special effort was made to limit the time of the 
indentation curve acquired on each individual cell sample to 
30 minutes. It should be pointed out that the cell elasticity 
measurements by means of nanoindentation with an AFM 
tip mainly provide information on stiffness of the cell mem-
brane, which is probed point by point over the cell area. Such 
a method could yield different results from those measured 
with macroscopic techniques, and provide the elasticity value 
of the entire cell volume.
elasticity module calculations
Elasticity module can be calculated using the Hertz model7 
which describes the elastic deformation of two bodies in 
contact under load. The Hertz’s approach was extended by 
Sneddon,8 who assumed an appropriate shape of the indenter 
causing deformation of the elastic half space. In our work, we 
followed the relationship between the force and the indenta-
tion depth as approximated by Sneddon. Two predictions of 
the model were compared with the experimental indentation 
curves. In the first one, with the AFM tip approximated by a 
paraboloid, the force as a function of indentation is described 
by the following equation:
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where Ep, Eo are the elasticity modules of the sample and 
the tip, respectively, and µp, µ0 are the respective Poisson 
ratios. In the second case, the shape of the tip is   approximated International Journal of Nanomedicine 2011:6 submit your manuscript | www.dovepress.com
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by a cone, and this dependence is approximated by the 
equation:
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with the notation as above. When Ep,, E0, the equation 
describing E′ can be approximated by
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For soft materials, especially biological samples, the 
  Poisson ratio ranges from 0.49 to 0.499. For the approxima-
tion used in this work, we assumed the Poisson ratio to be 
0.5, according to Hertz.7
Data calibration and analysis
Because in our setup the indentation curve is obtained by 
cantilever deflection measurements as a function of the Z 
coordinate change, the calibration dependence showing the 
relationship between a voltage signal from the position-sensitive 
detector and the distance was measured (see   Figure 1). 
The calibration curve was measured on glass with a poly-L-
lysine surface. A linear regression procedure was used to fit 
the equation shown below to the linear part of the calibration 
dependence:
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where F is the exerted force in Newtons, a is the propor-
tionality coefficient, k is the cantilever spring constant, and 
U is the voltage signal reflecting the cantilever deflection in 
the course of indentation. Finally, the indentation curve can 
be evaluated using that part of the experimental dependence 
which corresponds to the physical contact of the AFM tip 
with the cell membrane (see Figure 1B). In order to determine 
the point of contact, a linear regression fit is made to that 
part of the calibration curve which corresponds to the lack 
of interactions (horizontal line on Figure 1B), and then the 
correlation function is calculated for the deviation of every 
data point with respect to the best fit line. The indentation 
values are taken as differences between Z arguments of the 
experimental dependence measured for the erythrocytes and 
the calibration curve.
Results
A typical example of the indentation data for red blood 
cells incubated with 0.1 mg/mL methylprednisolone for two 
hours is presented in Figure 2. It shows that the force versus 
indentation function is fitted correctly with a polynomial 
corresponding to the predictions of the Sneddon’s model for 
a paraboloidal tip 1), ie, y = A + Bx3/2.
Therefore, the elasticity modules are calculated from the 
best fit value of the parameter B and equations (1) and (4).
erythrocytes in buffer solution
As a reference to stiffness measurements for erythrocytes 
incubated with different drugs, we measured the indentation 
curves for the cells incubated in the main buffer solution 
only. Stiffness changes as a function of incubation time were 
observed. Results are shown as histograms in   Figure 3, with 
the bin size reflecting a confidence zone of the measurements. 
The average values of the elasticity modules were obtained 
by fitting the Gaussian distribution to the histograms. 
  Justification for using a normal distribution function for 
analysis of the experimental data was provided by performing 
the Shapiro–Wilk normality test. This procedure indicated 
A
D
e
f
l
e
c
t
i
o
n
d
cd
b a
ab
bc
gh
fg
Distance e c g h
df f
B
400
350
300
250
200
150
100
–50
50
0
V
o
l
t
a
g
e
 
[
m
V
]
Distance [µm]
−0.2 0.2 0.4
Native RBCs
Glass surface
0.6 0.8 1.0 0
Figure 1 Cantilever deflection dependence on the tip sample distance (Z coordinate). A) Schematic sketch with drawings of the cantilever bending corresponding to various 
segments of dependence. B) A typical experimental indentation curve for the healthy blood cell and the calibration curve taken on the glass surface.International Journal of Nanomedicine 2011:6 submit your manuscript | www.dovepress.com
Dovepress 
Dovepress
252
Zuk et al
that all distributions from Figure 3 are normal at the level of 
α = 0.07. Furthermore, the equality of variance was success-
fully verified with a Levene’s test, and the statistical evalu-
ation of the difference between the distributions was done 
by an analysis of variance (ANOVA) test. The results of the 
ANOVA test showed that the distributions were completely 
different at the level of α = 0.01. The time dependence of 
the average elasticity module is shown in Figure 4. The error 
bars seen in this figure represent half-widths of the normal 
distributions from Figure 3. It can be concluded that stiffness 
of the erythrocyte membrane increases with time of incuba-
tion in the main buffer solution.
erythrocytes incubated  
with aminophylline
The therapeutic concentrations of aminophylline range from 
0.01 to 0.02 mg/mL. In higher concentrations, the drug can 
be toxic to patients.9,10 A typical force versus indentation 
dependence for red blood cells incubated with aminophyl-
line at a concentration of 0.01 mg/mL is shown in Figure 2. 
Comparison of the cell morphologies and the force versus 
indentation curves obtained for the native red blood cells 
and the ones incubated for six hours with aminophylline at 
a concentration of 0.01 mg/mL is shown in Figure 5.
The erythrocyte images seen in Figure 5 reflect the most 
commonly observed changes in red blood cell morphology 
resulting from incubation with aminophylline. For the con-
trol group, both the erythrocyte diameter of 7.4 ± 0.1 µm 
and height of 1.6 ± 0.1 µm fall within the range expected 
for healthy cells (6–8 µm and 1–2 µm, respectively). In the 
case of cells treated with aminophylline, structural changes 
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incubated with methylprednisolone 0.1 mg/mL for two hours. experimental points 
(open circles) are shown together with the best fit of the theoretical dependences 
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of the membrane appear undulated in comparison with the 
control, which implies that the cells are at the initial stage of 
transformation into an echinocyte-like form. We also noticed 
greater sizes of such cells, ie, 8.3 ± 0.1 µm in diameter and 
up to 2.3 ± 0.1 µm in height.
Histograms of the experimentally determined elasticity 
modules are shown in Figure 6. The normality test shows that 
the C distribution is normal at the level of α = 0.01 and the 
remaining distribution at α = 0.06. Furthermore, the Levene’s 
test shows that all histograms have equal variances, and the 
results of the ANOVA test show that all distributions are 
different at the level of α = 0.01.
The experimentally determined changes in red blood 
cell stiffness due to incubation with aminophylline at 
various concentrations are shown in Figure 7. It is seen 
that the expected values of the elasticity modules are 
significantly different (by a factor of almost three) from 
those obtained for the erythrocytes incubated with the main 
buffer   solution. Furthermore, it is found that the value 
of the elasticity module is the highest after six hours of 
incubation and increases with concentration of the drug 
in solution, although the statistical error of this type of 
evaluation is rather large.
erythrocytes incubated  
with methylprednisolone
The morphology of red blood cells incubated with meth-
ylprednisolone 1 mg/mL was modified considerably, as 
shown in Figure 8. The external surface of the cell shows 
clear bumpy modulations which indicate significant 
changes occurring in the membrane lipid bilayer and/or in 
its supporting 2D spectrin-dominated network. Statistical 
analysis of the histograms (not shown) depicting experi-
mentally determined distributions of the elastic modules 
for the cells indicates that all distributions, except for 
one, are normal at the level of α = 0.06, and only for 
incubation with 1 mg/mL for two hours at α = 0.065. 
Furthermore, the Levene’s test shows that all histograms 
have equal variances, and the ANOVA test indicates that 
they are significantly different at the level of α = 0.05. 
The expected values of the elasticity modules are shown 
in Figure 9.
Discussion
It is widely assumed that the elastic properties of red blood 
cells are determined by the stiffness and internal structure 
of the cell skeleton.11–17 However, there are reports sug-
gesting that the elastic properties of the lipid bilayer cell 
membrane could also be quite important for overall cell 
stiffness.6,13,18–20 In particular, membrane elasticity could 
be significantly affected by intercalation with specific 
molecules, such as amphiphilic molecules6 and stress 
hormones.20
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molecules and increasing intracellular concentration of 
adenosine triphosphate, decreased potassium ion flow away 
from the cell, an increase of the protein phosphorylation level, 
and, as a result, affecting erythrocyte membrane stability.21 
Therefore, there are two possible ways the drug molecules 
could influence the functionality of red blood cells. Firstly, the 
interaction of the drugs with the membrane lipid bilayer could 
alter the transport channels responsible for oxygen penetration 
through the membrane and subsequently could directly reduce 
the cell’s ability to bind oxygen to hemoglobin. Secondly, 
the transport properties of the entire cell are diminished by 
its increase in stiffness and subsequent reduction of deform-
ability, which is necessary for adjustments in cell shape during 
flow through the microvasculature.
The effect of methylprednisolone on the morphology 
and stiffness of red blood cells is more complicated than 
that of the xanthine derivatives. Methylprednisolone is a 
corticosteroid hormone used to treat allergic disorders and 
breathing problems, including asthma and chronic obstruc-
tive pulmonary disease. In a recent publication, Panin et al20 
reported that stress hormones (cortisol, adrenaline, nora-
drenaline) can bind to red blood cell membranes with a rather 
high affinity via a complex interplay of hydrogen bonds, as 
well as hydrophobic and electrostatic interactions. These 
researchers found that such an interaction of hormones with 
the membrane results in structural transitions in membrane 
proteins and phospholipids. Formation of large domains of 
lipid and lipid-protein complexes is observed which would 
likely decrease red blood cell elasticity and rheological 
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(pH 7.4) with contact mode atomic force microscopy.
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The results presented in this work indicate that the elasticity 
modules of the red blood cell increase (ie, cell stiffness 
increases) with increasing concentrations of aminophylline 
(Figure 6B). An interesting observation in our analysis is that 
the elasticity changes in red blood cells treated with amino-
phylline are not monotonic with time. The biggest value of 
the elasticity module is reached after six hours of incubation 
and a small decrease after 12 hours can be explained by its 
half-life inside the erythrocyte membrane.9,10 Aminophylline 
is used to prevent and treat wheezing, shortness of breath, and 
difficulty in breathing caused by asthma, chronic bronchitis, 
and other lung diseases. It contains a 2:1 mixture of theophyl-
line and ethylenediamine. The latter compound is responsible 
for the increased water solubility of the drug. Theophylline, a 
methylated xanthine compound, can interact with the eryth-
rocyte membrane causing inactivation of phosphodiesterase International Journal of Nanomedicine 2011:6 submit your manuscript | www.dovepress.com
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properties. We found that the stiffness of red blood cells 
incubated with a high concentration of methylprednisolone 
(1 mg/mL) increases with incubation time in a similar way 
as for incubation in buffer solution alone (see Figure 9). 
On the other hand, red blood cell membrane morphology 
changes significantly (see Figure 8) at this concentration 
of drug, which could be ascribed to effects similar to those 
reported by Panin et al.20 However, at lower concentrations 
(0.1 mg/mL, close to the therapeutic dose) of the drug, the 
values are consistently lower than those obtained for buffer 
solution alone, and the effect of reduced red blood cell stiff-
ness remains, even at longer incubation times (12 hours). 
This is in contrast with the behavior seen for incubation with 
aminophylline described in the previous section, and con-
sistent with the fact that red blood cell morphology changes 
at low concentrations of methylprednisolone were not seen 
in our AFM images.
As already stated in the introduction, the main goal of 
the present work was to determine whether the stiffness 
of red blood cells incubated in solutions of selected drugs 
used in clinical treatment of severe asthma is modified to 
undesirable levels, and whether indentation with an AFM 
tip could be an efficient method to quantify the elastic prop-
erties of the cells, allowing for determination of expected 
values of the cell elastic modules. It is found that both 
drugs, ie, aminophylline and methylprednisolone, have 
a significant effect on cell membrane properties, causing 
noticeable changes in red blood cell stiffness and mor-
phology. Our results indicate that red blood cell elasticity 
is indeed affected by drugs used in the clinical treatment 
of asthma, and in order to account for the experimentally 
determined dependences on incubation time, a balanced 
interplay between stiffness changes in both the cell mem-
brane and the cytoskeleton should be considered. Although 
direct extrapolation of our results to the clinical setting is 
limited due to our investigations being performed in vitro 
and the concentrations of the drugs investigated often 
being higher than the therapeutic concentrations of these 
agents in blood (0.01 ÷ 0.02 mg/mL for aminophylline9 
and 0.02 ÷ 0.05 mg/mL for methylprednisolone),22 the 
trends seen in our experiments are likely to be of general 
importance. Based on our results, we can conclude that the 
basic therapeutic effect of the drugs related to increased 
opening of breathing arteries might be reduced by using 
high concentrations of these drugs which have the side 
effect of lowering the ability of red blood cells to bind and 
transport oxygen in the human vascular system. Finally, we 
have demonstrated that nanoindentation with an AFM tip 
is a simple and reliable method for obtaining a quantitative 
measure of red blood cell stiffness, and could be considered 
as a possible diagnostic method for evaluation of the 
functional properties of the cell.
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